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Cultured adherent cells divide on the substra-
tum, leading to formation of the cell monolayer.
However, how the orientation of this anchorage-
dependent cell division is regulated remains un-
known.We have previously shown that integrin-
dependent adhesion orients the spindle parallel
to the substratum, which ensures this anchor-
age-dependent cell division. Here, we show
that phosphatidylinositol-3,4,5-triphosphate
(PtdIns(3,4,5)P3) is essential for this spindle ori-
entation control. In metaphase, PtdIns(3,4,5)P3
is accumulated in the midcortex in an integrin-
dependent manner. Inhibition of phosphatidyli-
nositol-3-OH kinase (PI(3)K) reduces the accu-
mulation of PtdIns(3,4,5)P3 and induces spindle
misorientation. Introduction of PtdIns(3,4,5)P3
to these cells restores the midcortical accumu-
lation of PtdIns(3,4,5)P3 and proper spindle
orientation. PI(3)K inhibition causes dynein-
dependent spindle rotations along the z-axis,
resulting in spindle misorientation. Moreover,
dynactin, a dynein-binding partner, is accumu-
lated in the midcortex in a PtdIns(3,4,5)P3-
dependent manner. We propose that PtdIns-
(3,4,5)P3 directs dynein/dynactin-dependent
pulling forces on spindles to the midcortex,
and thereby orients the spindle parallel to the
substratum.
INTRODUCTION
Proper spindle orientation, which is crucial for the determi-
nation of cell division axis, is essential for morphogenesis
and embryogenesis. In polarized cells, a specific cortical
region predetermines the location and orientation of the
spindle by regulating the interaction of astral microtubules
with cortical factors. In the polarized epithelial cells, the
mitotic spindles are oriented either parallel or perpendicu-
lar to the epithelial plane (Lamprecht, 1990; Reinsch and
Karsenti, 1994). It is believed that cell-cell adhesions pro-796 Developmental Cell 13, 796–811, December 2007 ª2007 Evide a cortical planar cue to orient the mitotic spindle par-
allel to the epithelial plane (Reinsch and Karsenti, 1994; Bi-
enz, 2001; Lu et al., 2001). We have recently found that in
nonpolarized cultured cells, such as HeLa cells, mitotic
spindles are oriented parallel to the substratum, and that
this mechanism depends on integrin-mediated cell-sub-
strate adhesion rather than cell-cell adhesion (Toyoshima
and Nishida, 2007). However, the underlying mechanisms
for this integrin-dependent control of spindle orientation
remain unknown.
The lipid second messenger PtdIns(3,4,5)P3 has a cen-
tral role in directed cell migration, such as chemotaxis. In
chemotaxis, PtdIns(3,4,5)P3 accumulates in the mem-
brane at the cell’s leading edge and the locally elevated
PtdIns(3,4,5)P3 promotes new actin polymerization to
drive the cell to migrate forward (Haugh et al., 2000;
Wang et al., 2002; Van Haastert and Devreotes, 2004). A
positive feedback loop between the actin cytoskeleton
and PtdIns(3,4,5)P3 is believed to reinforce the polariza-
tion and efficient cell migration (Weiner et al., 2002; Van
Haastert and Devreotes, 2004; Niggli, 2005). In addition
to actin cytoskeleton, microtubules play a decisive role
in polarizing motility during directed cell migration (Rodri-
guez et al., 2003; Gundersen et al., 2004). Microtubule or-
ganization depends on the interaction of the microtubule
plus ends with the actin cytoskeleton and the cell cortex.
This interaction is mediated by a protein family, so called
the microtubule plus-end-tracking protein (+Tips), which
includes EB1, adenomatous polyposis coli (APC) tumor
suppressor, CLASPs, and dynein/dynactin complexes
(Schuyler and Pellman, 2001; Mimori-Kiyosue and Tsu-
kita, 2003; Gundersen et al., 2004). Recent studies have
shown that PtdIns(3,4,5)P3 in the plasmamembrane plays
a key role in capturing microtubules at the cortex through
+Tips to promote directed cell migration (Akhmanova
et al., 2001; Lansbergen et al., 2006).
Several members of +Tips, including dynein/dynactin
complexes, play a role in spindle orientation and position-
ing by regulating the interaction between astral microtu-
bules and the cell cortex (Gundersen et al., 2004; Pearson
and Bloom, 2004). Dynein-dynactin motor complexes
have been implicated in the attachment of microtubules
to the cell cortex in Saccharomyces cerevisiae, Caeno-
rhabditis elegans, and mammalian cells, and are believed
to provide a pulling force on astral microtubules at the cor-
tex for positioning or orienting mitotic spindles (Carminatilsevier Inc.
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1998; Gonczy et al., 1999; O’Connell and Wang, 2000).
Here we investigate whether PtdIns(3,4,5)P3 plays a
role in the spindle orientation parallel to the substratum in
nonpolarized cultured cells. We show that PtdIns(3,4,5)P3
is accumulated in the midcortex in metaphase cells and
that reduction of the level of PtdIns(3,4,5)P3 inmitotic cells
results in spindle misorientation. Importantly, integrin,
which has been previously shown to be essential for this
spindle orientation control (Toyoshima and Nishida,
2007), is required for the activation of PI(3)K and the accu-
mulation of PtdIns(3,4,5)P3 in mitosis. We further show
that PtdIns(3,4,5)P3 recruits dynactin to the midcortex,
and that inhibition of PI(3)K leads to the dispersion of
dynactin throughout the cortex, induces the dynein-
dependent spindle rotation along the z-axis, and results
in spindle misorientation. Our results thus demonstrate,
to our knowledge for the first time, an essential role of
PtdIns(3,4,5)P3 in the spindle orientation control, and
define the underlying mechanism involving the dynein-
dynactin motor complexes.
RESULTS
PtdIns(3,4,5)P3 Is Accumulated in the Midsection
at the Cortex in Metaphase Cells
in an Integrin-Dependent Manner
To examine the localization of PtdIns(3,4,5)P3 in meta-
phase cells, Akt-PH-GFP (the pleckstrin homology do-
main of Akt tagged with GFP), a fusion protein that specif-
ically binds to PtdIns(3,4,5)P3 and PtdIns(3,4)P2 (Gray
et al., 1999), was expressed in synchronized HeLa cells.
The control GFP and Akt-PH-R25C-GFP, amutant PH do-
main of Akt that has been shown to be unable to bind to
phospholipids (Franke et al., 1997), were diffusely local-
ized in the cytoplasm in metaphase cells (Figure 1A,
GFP and Akt-PH-R25C-GFP). In contrast, Akt-PH-GFP
was localized to both the cytoplasm and the cortex in
metaphase cells (Figure 1A, Akt-PH-GFP). The percent-
ages of the metaphase cells with cortical GFP fluores-
cence were 14.7% (SD = 9.5), 70.8% (SD = 9.2), and
12.2% (SD = 1.6), respectively, in GFP-expressing cells,
Akt-PH-GFP-expressing cells, and Akt-PH-R25C-GFP-
expressing cells (Figure 1B). Then, we treated the cells
with LY294002 or wortmannin, inhibitors of PI(3)K
which catalyze the synthesis of PtdIns(3,4,5)P3 and
PtdIns(3,4)P2. The endogenous PI(3)K activity, which
could be monitored by the phosphorylation state of Akt,
was inhibited by LY294002 in a dose-dependent manner
(Figure 1C, LY). The cortical localization of Akt-PH-GFP
in metaphase cells was diminished within 15 min when
the cells were treated with LY294002 in a dose-dependent
manner (Figure 1A, Akt-PH-GFP+LY; Figure 1D, left).
Wortmannin also inhibited endogenous PI(3)K activity,
and diminished the cortical signals for Akt-PH-GFP within
15 min (Figure 1A, Akt-PH-GFP+Wort; Figure 1C, Wort;
Figure 1D, right). These results demonstrate that the local-
ization of Akt-PH-GFP at the cortex reflects the localiza-
tion of PtdIns(3,4,5)P3 and/or PtdIns(3,4)P2. By observingDevelopmea series of Z stack images, obtained by using DeltaVision
optical sectioning systems (Figure 1E) or a scanning laser
confocal microscope (Figure 1F), of a metaphase cell ex-
pressing Akt-PH-GFP, we found that Akt-PH-GFP locali-
zation at the cortex was clearly observed in the midsec-
tions (Figure 1E, Z = 5–7; Figure 1F, Z = 4–7), but hardly
observed in the bottom (Figure 1E, Z = 1–3; Figure 1F,
Z = 1–3) and the upper (Figure 1E, Z = 9, 10; Figure 1F,
Z = 8, 9) sections of the cell. The X-Z projection obtained
from the Z stack images of a metaphase cell tranfected
with Akt-PH-GFP confirmed our observation that Akt-
PH-GFPwas localized to themidsection at the cortex (Fig-
ure 1E, right). These results indicate that PtdIns(3,4,5)P3 is
accumulated in the midsection at the cortex in metaphase
cells. During mitotic progression, Akt-PH-GFP was local-
ized to the cell periphery in prophase cells and at the cor-
tex in prometaphase, metaphase, anaphase, and telo-
phase cells (Figure S1A, see the Supplemental Data
available with this article online). Akt-PH-GFP was accu-
mulated in the midsection at the cortex in prometaphase,
metaphase, and anaphase cells, whereas dispersed
throughout the Z-sections in telophase cells (Figure S1B).
Thus, PtdIns(3,4,5)P3 and/or PtdIns(3,4)P2 localize to the
midsections at the cortex from prometaphase through
anaphase. We usually fixed the cells with cold methanol
to visualize cortical Akt-PH-GFP, when we observed the
gap between cortical and cytoplasmic signals for Akt-
PH-GFP in metaphase cells (see Figure 1A, Akt-PH-
GFP). In live cells or in the cells fixed with formaldehyde,
cortical signals for Akt-PH-GFP could be detected (data
not shown), but were very difficult to visualize due to the
excess amount of cytoplasmic signals. We speculate
that Akt-PH-GFP is localized to both the cortex and cyto-
plasmic structures, and the methanol fixation may extract
the free Akt-PH-GFP from the cytoplasm, creating the gap
between cortical and cytoplasmic staining.
PI(3)K is known to be activated downstream of integrin
signaling (Cantley, 2002). To examine whether integrin is
required for the accumulation of PtdIns(3,4,5)P3 in the
midsection at the cortex in metaphase cells, we downre-
gulated b1 integrin protein by RNAi in synchronized
HeLa cells (Figure 1G, b1 integrin). In mock cells, the en-
dogenous PI(3)K activity was slightly increased in late S
phase (Figure 1G, mock, P-Akt, 6 hr and 8 hr) and the ac-
tivated activity wasmaintained duringMphase (Figure 1G,
mock, P-Akt, 10 hr and 11 hr), as reported previously
(Roberts et al., 2002; Shtivelman et al., 2002). However,
the endogenous PI(3)K activity was inhibited significantly
in late S phase and M phase in b1 integrin siRNA-trans-
fected cells (Figure 1G, b1 siRNA, P-Akt, 8 hr, 10 hr, and
11 hr). Akt-PH-GFP was accumulated in the midsection
at the cortex in mock treated-metaphase cells, whereas
the cortical localization of Akt-PH-GFP was diminished
in b1 integrin siRNA transfected-metaphase cells (Fig-
ure 1H). The percentages of the metaphase cells with cor-
tically accumulated Akt-PH-GFP were 80.5% (SD = 1.6)
and 34.5% (SD = 5.2), respectively, in mock treated-
and b1 integrin siRNA transfected-metaphase cells (Fig-
ure 1I). These results demonstrate that b1 integrin isntal Cell 13, 796–811, December 2007 ª2007 Elsevier Inc. 797
Developmental Cell
PtdIns(3,4,5)P3 Controls Spindle OrientationFigure 1. PtdIns(3,4,5)P3 Is Accumulated in the Midsection at the Cortex in Metaphase Cells in an Integrin-Dependent Manner
(A) Localization of GFP, Akt-PH-GFP, or Akt-PH-R25C-GFP inmetaphase cells treated or not with LY294002 (100 mM) or wortmannin (100 nM) for 2 hr.
Left: merged images of GFP (green) and Hoechst (blue); middle: phase contrast; right: merged images of GFP, Hoechst, and phase contrast.798 Developmental Cell 13, 796–811, December 2007 ª2007 Elsevier Inc.
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the accumulation of PtdIns(3,4,5)P3 at the cortex in meta-
phase cells.
Inmetaphasecells, endogenous b1 integrinwasdetected
both on the basal surface (Figure S2A, mock, Z = 1) and
throughout the cortex (Figure S2A, mock, Z = 1–5) in
mock cells, but hardly detected in b1 integrin siRNA trans-
fected cells (Figure S2A, b1 integrin siRNA). The active b1
integrin, which could be detected by antibodies specific
for the active conformation of b1 integrin, was detected
on the basal surface (Figure S2B, mock, Z = 1) and in
the bottom sections at the cortex (Figure S2B, mock,
Z = 2) in mock cells, but hardly detected in b1 integrin
siRNA transfected cells (Figure S2B, b1 integrin siRNA).
These results demonstrate that b1 integrin is localized
and activated on the basal surface and in the bottom sec-
tions at the cortex in metaphase cells.
Inhibition of PI(3)K Causes Spindle Misorientation
We have previously shown that b1 integrin is required for
the spindle orientation parallel to the substratum in HeLa
cells (Toyoshima and Nishida, 2007). To investigate the
possible role of PI(3)K in this control of spindle orientation,
synchronized HeLa cells in G2 phasewere treated with the
PI(3)K inihibitors LY294002 and wortmannin. For the con-
trol, cells were treated with U0126 or PD 98059, inhibitors
of the ERK/MAP kinase pathway, which is also known to
be activated downstream of integrin signaling (Schlaepfer
and Hunter, 1998). As expected, the endogenous PI(3)K
activity was inhibited by LY294002 or wortmannin, but
not by U0126 or PD98059 (Figure 2A, upper). Then, the
cells were fixed and stained with anti-g-tubulin antibodies
and Hoechst, when the majority of the cells entered mito-
sis. In metaphase, i.e., when the chromosomes were
aligned on the metaphase plate, spindles were properly
oriented parallel to the substratum in control cells (Fig-
ure 2A, bottom, control). LY294002 or wortmannin (Fig-
ure 2A, bottom, LY and data not shown), but not U0126
or PD98059 (data not shown), caused misorientation of
the spindles. The angle between the axis of a metaphase
spindle and that of the substrate surface (Figure 2B, up-
per, a) was measured in 50 metaphase cells in each con-
dition. The spindle angle fell within 10 in more than 75%
of the control cells and in more than 80% and 65% ofDevelopmethe cells treated with U0126 or PD98059, respectively,
but in less than 20% of the cells treated with LY294002
or wortmannin. The spindle orientation became almost
random in the cells treated with LY294002 or wortmannin
(Figure 2B, bottom). The average spindle angles were 6.0
(SD = 3.9), 5.4 (SD = 4.5), 7.4 (SD = 4.0), 26.7 (SD =
17.4), and 24.7 (SD = 14.4), respectively, in the control
cells and the cells treated with U0126, PD98059,
LY294002, and wortmannin. Treatment of the cells with
LY294002 for 2 hr caused misorientation of the spindles
in a dose-dependent manner (Figure S3B). However,
LY294002 or wortmannin did not induce misorientation
of the spindles within 15 min (Figure S3A), although the
cortical Akt-PH-GFP was diminished within 15 min when
the cells were treated with LY294002 or wortmannin (see
Figure 1D). It is possible that there is a time lag between
the diminution of cortical Akt-PH-GFP and the spindle
misorientation. But, it is also possible that PI(3)K-indepen-
dent pathways might exist to transiently maintain the
proper spindle orientation in the absence of PI(3)K lipid
products. To examine the integrity of spindle assembly
in PI(3)K-inhibited cells, localization of BubR1 was inves-
tigated with anti-BubR1 antibody. BubR1 is known to
localize to kinetochores, which are unattached to micro-
tubules, and dissociate from kinetochores when microtu-
bules attach to kinetochores (Hoffman et al., 2001). Thus,
BubR1 localizes to kinetochores during prometaphase
and dissociates at metaphase. In PI(3)K-inhibited cells,
BubR1 localized to the kinetochores in prometaphase
(Figure 2C, the upper cell, note that this cell is in early
prometaphase, thus the centrosome separation has not
been completed yet), and its kinetochore localization
was lost at metaphase even when the spindle was misor-
iented (Figure 2C, the bottom cell). This behavior of BubR1
is normal, indicating that the spindle assembly of the mi-
soriented spindle in PI(3)K-inhibited cells is intact. Thus,
inhibition of PI(3)K, but not ERK1/2, results in misorienta-
tion of the spindle without deteriorating the integrity of
the mitotic spindle. The spindle lengths were hardly
changed in the cells treated with LY294002 or wort-
mannin; the average spindle lengths were 11.3 mm (SD =
0.02), 10.9 mm (SD = 0.1), and 10.6 mm (SD = 0.2), respec-
tively, in control cells, LY294002-treated cells, and wort-
mannin-treated cells (Figure 2D), indicating that the(B) Quantitation of the cortical localization of GFP, Akt-PH-GFP, or Akt-PH-R25C-GFP in metaphase cells. Values are mean ± SD from three different
experiments. N > 50/experiment. *p < 0.005, as compared with GFP, analyzed by t test.
(C) Total lysates ofMphase-synchronized HeLa cells treatedwith indicated concentrations of LY294002 or wortmannin (100 nM) for 2 hr werewestern
blotted with anti-phospho Ser473-Akt (P-Akt) and Akt antibodies.
(D) Quantitation of metaphase cells with cortical Akt-PH-GFP treated with indicated concentrations of LY294002 (left) or wortmannin (100 nM) (right)
for 15 min or 2 hr. Values are mean ± SD from three different experiments. N > 50/experiment.
(E) Z stack images (1 mm apart) of Akt-PH-GFP (green) and Hoechst (blue) in a metaphase cell (left). The X-Z projection of the selected region (within
the dotted line on Z = 6) is shown in the right.
(F) Z stack confocal images (1 mm apart) of Akt-PH-GFP in a metaphase cell.
(G) Total lysates of synchronized HeLa cells transfected or not (mock) with b1 integrin-siRNA were western blotted with anti-phospho Ser473-Akt
(P-Akt), Akt, b1 integrin, and a-tubulin antibodies.
(H) Z stack images (2 mm apart) of Akt-PH-GFP (green) and Hoechst (blue) in a metaphase cell transfected or not (mock) with b1 integrin-siRNA. The
X-Z projections are shown in the right.
(I) Quantitation of metaphase cells with cortical Akt-PH-GFP transfected or not (mock) with b1 integrin-siRNA. Values are mean ± SD from three
different experiments. N > 50/experiment. *p < 0.001, as compared with mock, analyzed by t test.ntal Cell 13, 796–811, December 2007 ª2007 Elsevier Inc. 799
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(A) Total lysates of M phase-synchronized HeLa cells treated with U0126 (20 mM), PD98059 (20 mM), LY294002 (100 mM), or Wortmannin (100 nM) for
2 hr were western blotted with anti-phospho Ser473-Akt (P-Akt) and Akt antibodies (top). The X-Z projections of metaphase cells treated or not (con-
trol) with LY294002 and stained with anti-g-tubulin antibodies (green) and Hoechst (blue) (bottom).
(B) The spindle angle (top, a), was measured inmetaphase cells. Distribution (histogram; n = 50) and the average (inset; mean ± SD; n = 50) of spindle
angles in each condition (bottom). *P and **p < 0.001, as compared with control, analyzed by F-test.
(C) Z stack images (2 mmapart) of a-tubulin (red), BubR1 (green), and Hoechst (blue) in a LY294002-treated prometaphase cell (top) and ametaphase
cell (bottom).
(D) Quantitation of the spindle length in metaphase cells treated or not with LY294002 (100 mM) orWortmannin (100 nM) for 2 hr. Values aremean ± SD
from two different experiments. N = 50/experiment.
(E) Spindle angles in metaphase cells in each condition were plotted as a function of cell area at midsection. N = 50.changes in the spindle angle do not result from indirect ef-
fects of spindle length changes. To examine the effect of
cell dimensions on the spindle angles, we measured
both the spindle angle and the cell area at the midsection
in each metaphase cell. The results showed that regard-
less of cell area at the midsection, the spindles were prop-
erly oriented in cells in control cells, but misoriented in
cells treated with LY294002 or wortmannin (Figure 2E),
indicating that the changes in the spindle angle do not
result from indirect effects of changes in cell dimensions.
To test whether the PI(3)K-dependent mechanism for
spindle orientation exists in nontransformed cells, we
used MCF-10A, nontransformed mammary epithelial800 Developmental Cell 13, 796–811, December 2007 ª2007 Ecells. LY294002, but not U0126, inhibited endogenous
PI(3)K acitivity in a dose-dependent manner (Figure S4A).
LY294002, but not U0126, induced severe misorientation
of spindles in MCF-10A cells (Figure S4B) as well as in
HeLa cells, suggesting that thismechanism for spindle ori-
entation is functioning in both HeLa cells and nontrans-
formedMCF-10A cells. In polarized epithelial cells, includ-
ing MDCK cells, adherens junctions are suggested to be
involved in the spindle orientation control. Adherens junc-
tions, detected by anti-b catenin antibodies, were clearly
observed in both interphase and metaphase MDCK cells
(Figure S5A, MDCK), as reported previously (Reinsch
and Karsenti, 1994), but hardly detected in HeLa cellslsevier Inc.
Developmental Cell
PtdIns(3,4,5)P3 Controls Spindle Orientation(Figure S5A, HeLa), suggesting that adherens junctions
are not involved in the spindle orientation control in
HeLa cells. In polarized MDCK cells stably expressing
Akt-PH-GFP, in which cell polarization was confirmed by
observing the apical centriole positioning in interphase
cells (data not shown), Akt-PH-GFP was localized to the
lateral surface in interphase cells (Figure S5B, Akt-PH-
GFP, the left two cells with Akt-PH-GFP signals), as
reported previously (Watton and Downward, 1999; Yu
et al., 2003). However, in metaphase cells the cortical
localization of Akt-PH-GFP was hardly detected; it was
diffusely localized in the cytoplasm (Figure S5B, Akt-PH-
GFP, the right cell with Akt-PH-GFP signals). In control
cells, spindles were oriented parallel to the substratum,
as reported previously (Reinsch and Karsenti, 1994). Inhi-
bition of PI(3)K with LY294002 or wortmannin (Figure S5C)
did not induce spindle misorientation in polarized MDCK
cells (Figure S5D). These results indicate that the spindle
orientation is regulated in a PI(3)K-independent manner
in polarized MDCK cells.
Introduction of PtdIns(3,4,5)P3 to the
PI(3)K-Inhibited Cells Restores the Proper
Spindle Orientation
To investigate the requirement of PI(3)K lipid products for
proper spindle orientation, a series of synthetic phosphoi-
nositides complexed with a cationic carrier histone (Ozaki
et al., 2000) was delivered to the metaphase cells that
were pretreated with PI(3)K inhibitors, a strategy previ-
ously used to study chemotaxis (Niggli, 2000; Weiner
et al., 2002). Considering the possible involvement of a
positive feedback loop, that requires endogenous PI(3)K
activity and is known to play an important role in establish-
ing the PtdIns(3,4,5)P3 polarity during chemotaxis (Weiner
et al., 2002; Van Haastert and Devreotes, 2004; Niggli,
2005), we replaced the medium that contains PI(3)K inhib-
itors with a fresh medium immediately before delivering
the phosphoinositides-histone complexes to the cells.
Ten minutes after delivering, cells were fixed and the per-
centages of the cells with normal spindle orientation,
in which the spindle angle falls within 10, were mea-
sured. Delivering of PtdIns(3,4,5)P3, but not PtdIns(3)P,
PtdIns(3,4)P2, or PtdIns(4,5)P2, significantly increased
the percentages of the cells with normal spindle orienta-
tion as compared with control cells that were exposed to
a carrier histone (Figure 3A). Exogenous PtdIns(3,4,5),
but not PtdIns(4,5)P2 or a carrier histone, induced the cor-
tical accumulation of Akt-PH-GFP (Figure 3B). In PtdIns(3,4,5)-
delivered metaphase cells, Akt-PH-GFP was accumu-
lated in the midsections at the cortex (Figures 3C and
3D) as in an untreated metaphase cell (see Figures 1E
and 1F). The percentages of the metaphase cells that dis-
played the accumulation of Akt-PH-GFP in the midsec-
tions at the cortex were 28.4% (SD = 7.2), 65.0% (SD =
9.2), and 29.7% (SD = 6.8), respectively, in cells exposed
to a carrier histone, PtdIns(3,4,5)P3, and PtdIns(4,5)P2 (Fig-
ure 3E). These results show that exogenousPtdIns(3,4,5)P3,
but not PtdIns(4,5)P2, induces the accumulation of PI(3)K
lipid products in the midsections at the cortex, andDevelopmenrestores the proper spindle orientation in the PI(3)K-
inhibited cells, and thus demonstrate the requirement of
PtdIns(3,4,5)P3 for proper spindle orientation parallel to
the substratum.
Dynactin Is Accumulated in the Midsection
at the Cortex in Metaphase Cells
in a PtdIns(3,4,5)P3-Dependent Manner
How does PtdIns(3,4,5)P3 regulate spindle orientation?
Our previous work has shown that both astral microtu-
bules and actin cytoskeleton are required for the proper
spindle orientation parallel to the substratum in HeLa cells
(Toyoshima and Nishida, 2007). However, we did not ob-
serve drastic defects in astral microtubules and the corti-
cal actin structures in PI(3)K-inhibited metaphase cells
(Figure 4A; Figure S6A). Then, we next investigated the lo-
calization of dynein-dynactin motor complexes, which are
involved in spindle positioning in budding yeasts, Caeno-
rhabditis elegans, and mammalian cells (Carminati and
Stearns, 1997; Busson et al., 1998; Skop and White,
1998; Gonczy et al., 1999; O’Connell and Wang, 2000).
In control metaphase cells, p150glued, a subunit of the
dynactin complex (Schroer, 2004), was localized at the
cortex and along spindle and astral microtubules (see for
example, Figure 4B, control, Z = 4), as has been reported
in epithelial cells (Busson et al., 1998; Faulkner et al.,
2000). By observing a series of Z stack images of a meta-
phase cell, we found that dynactin localization at the cor-
tex was clearly observed in the midsections (Figure 4B,
control, Z = 4, 5; Figure S6B, control, Z = 3–5), but hardly
observed in the bottom (Figure 4B, control, Z = 1, 2, 3; Fig-
ure S6B, control, Z = 1, 2) and the upper (Figure 4B, con-
trol, Z = 6, 7, 8; Figure S6B, control, Z = 6–8) sections of the
cell, although its localization along spindle and astral mi-
crotubules was observed throughout the Z-sections. The
localization of dynactin at the cortex, but not that along
spindle microtubules, was diminished when the cells
were treated with latrunculin B (Lat B), an inhibitor of actin
polymerization (Spector et al., 1983; Figure 4B, LatB), in-
dicating that dynactin was localized at the cortex in an ac-
tin cytoskeleton-dependent manner. In the cells treated
with LY294002 (Figure 4B, LY) or wortmannin (Figure S6B,
Wort), dynactin was localized at the cortex, but was dis-
persed throughout the Z-sections, i.e., concentration on
the midsections was inhibited. The X-Z projection ob-
tained from the Z stack images of control or LY294002-
treated metaphase cells confirmed our observation that
dynactin was localized to the midsection at the cortex in
control cells but dispersed along the z-axis in LY294002-
treated cells (Figure 4C). To show this quantitatively, Z
stack images (0.5 mm apart) of metaphase cells, that
were immunostained with anti-p150 glued antibody,
were taken and the width of distribution of cortical dynac-
tin was measured along the z-axis. The average width of
distribution fell within 2.5 mm in the control cells, but
more than 5.5 mm in LY294002-treated cells (Figure 4D).
The cell heights, which were measured by taking Z stack
images (0.5 mm apart) of metaphase cells stained with
DHCC to visualize plasma membranes, were hardlytal Cell 13, 796–811, December 2007 ª2007 Elsevier Inc. 801
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PtdIns(3,4,5)P3 Controls Spindle OrientationFigure 3. Introduction of PtdIns(3,4,5)P3 to the PI(3)K-Inhibited Cells Restores the Proper Spindle Orientation
(A) Quantitation of metaphase cells with proper spindle orientation, in which the spindle angle falls within 10. M phase-synchronized HeLa cells pre-
treated with LY294002 for 1.5 hr were washed with fresh medium and exposed to carrier histone or PtdIns(3)P-, PtdIns(3,4)P2-, PtdIns(3,4,5)P3-, or
PtdIns(4,5)P2-histone complexes for 10min in the presence or absence of LY294002. Values are mean ± SD from three different experiments. N = 50/
experiment. *p < 0.05, as compared with the cells exposed to histone, analyzed by t test. Significance was defined as p < 0.05.
(B) Images of Akt-PH-GFP (green) and Hoechst (blue) in metaphase cells pretreated with LY294002 and exposed to histone, PtdIns(3,4,5)P3-histone,
or PtdIns(4,5)P2-histone in the presence or absence of LY294002.
(C) Z stack images (1 mmapart) of Akt-PH-GFP (green) andHoechst (blue) in a PtdIns(3,4,5)P3-restoredmetaphase cell. The X-Z projection is shown in
the right.
(D) Z stack confocal images (1 mm apart) of Akt-PH-GFP in a PtdIns(3,4,5)P3-restored metaphase cell.
(E) Quantitation of cells with cortical Akt-PH-GFP in metaphase cells in each condition. Values are mean ± SD from three different experiments. N =
50/experiment. *p < 0.001, as compared the cells exposed to histone, analyzed by t test.changed in LY294002-treated cells; the average cell
heights were 13.3 mm (SD = 0.4) and 14.1 mm (SD = 0.7),
respectively, in control cells and P(3)K-inhibited cells (Fig-
ure 4E). The values for the average width of distribution of
cortical dynactin per the average cell height were 0.19 and
0.39, respectively, in control and LY294002-treated cells
(Figure 4F). Essentially the same results were obtained
by using wortmannin (Figures S6C–S6E). These results
demonstrate that in metaphase cells, dynactin is asso-
ciated with the cortex through actin cytoskeleton and is
accumulated in the midsections at the cortex in a PI(3)K-
dependent manner, and that inhibition of PI(3)K results in
dispersion of dynactin at the cortex along the z-axis with-
out reducing its ability to associate with the cortex. Dynac-802 Developmental Cell 13, 796–811, December 2007 ª2007 Eltin was localized to centrosomes and nuclear membrane
during prophase (Figure S7, prophase), as reported previ-
ously (Busson et al., 1998). After nuclear membrane
breakdown in prometaphase, it localized to centrosomes,
spindle microtubules, and kinetochores (Figure S7, prom-
etaphase [early], prometaphase [late]). The cortical locali-
zation of dynactin appeared late in prometaphase, as has
been reported in epithelial cells (Busson et al., 1998;
Faulkner et al., 2000), and was observed through meta-
phase, anaphase, and telophase (Figure S7, prometaphse
[late], metaphase, anaphase, and telophase).
In metaphase cells transfected with Akt-PH-GFP, Akt-
PH-GFP and dynactin were accumulated in the midsec-
tions (Figure 5A, control, Z = 3, 4, 5; Figure 5B, Z = 2, 3,sevier Inc.
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PtdIns(3,4,5)P3 Controls Spindle OrientationFigure 4. Dynactin Is Accumulated in the Midsections at the Cortex in Metaphase Cells in a PI(3)K-Dependent Manner
(A) Images of a-tubulin (green), phalloidin (red), and Hoechst (blue) in control and LY294002-treated metaphase cells.
(B) Z stack images (1 mm apart) of p150glued (green) and Hoechst (blue) in metaphase cells, treated or not (control) with Lat B (10 mM) or LY294002
(100 mM) for 2 hr.
(C) The X-Z projection of the images of p150glued (green) and Hoechst (blue) in metaphase cells treated or not (control) with LY294002 (control; right,
LY; right). The images of top and midsections of the cells are shown in left and middle, respectively.
(D) Quantitation of the widths of distribution of cortical dynactin along the z-axis in metaphase cells treated or not (control) with LY294002. Values are
mean ± SD from three different experiments. N = 50/experiment. *p < 0.005, as compared with control, analyzed by t test.
(E) Quantitation of cell heights of metaphase cells treated or not (control) with LY294002. Values are mean ± SD from three different experiments. N =
50/experiment.
(F) The values for the average widths of the distribution of cortical dynactin along the z-axis per the average cell heights of metaphase cells treated or
not (control) with LY294002. Values are mean ± SD from three different experiments. N = 50/experiment. *p < 0.005, as compared with control,
analyzed by t test.Developmental Cell 13, 796–811, December 2007 ª2007 Elsevier Inc. 803
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PtdIns(3,4,5)P3 Controls Spindle OrientationFigure 5. PtdIns(3,4,5)P3 Regulates the Localized Accumulation of Cortical Dynactin to the Midsections in Metaphase Cells
(A) Z stack images (1 mm apart) of Akt-PH-GFP (green), dynactin (red), and Hoechst (blue) in a metaphase cell treated or not (control) with LY294002
(100 mM) for 2 hr. The X-Z projections are shown in the right.
(B) Z stack confocal images (2 mm apart) of Akt-PH-GFP (green) and dynactin (red) in a metaphase cell.
(C) Z stack images (1 mm apart) of p150glued (green) and Hoechst (blue) in metaphase cells pretreated with LY294002 and exposed to histone or
PtdIns(3,4,5)P3-histone. The X-Z projections are shown in the right.
(D) Quantitation of the widths of distribution of cortical dynactin along the z-axis in metaphase cells. Values are mean ± SD from two different exper-
iments. N = 50/experiment. *p < 0.01, as compared with the cells exposed to histone, analyzed by t test.
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PtdIns(3,4,5)P3 Controls Spindle Orientation4), but not in the bottom (Figure 5A, control, Z = 1, 2; Fig-
ure 5B, Z = 1) or upper (Figure 5A, control, Z = 6, 7, 8;
Figure 5B, Z = 5, 6) sections at the cortex. Z stack images
of metaphase cells stained with anti-dynein intermediate
chain antibodies showed that dynein was also localized
to the midsections but hardly detected in the bottom or
upper sections at the cortex (Figure S8A). In metaphase
cells transfected with Akt-PH-GFP, both Akt-PH-GFP
and dynein were accumulated in the midsections but not
in the bottom or upper sections at the cortex (Fig-
ure S8B). These results show that PtdIns(3,4,5)P3 and/or
PtdIns(3,4)P2 and dynein-dynactin complexes are coac-
cumulated in the midsections at the cortex in metaphase
cells. When PI(3)Ks were inhibited by LY294002 or wort-
mannin, the cortical Akt-PH-GFP signals were diminished
(Figure 5A, LY, Akt-PH-GFP, Figure S6F, Akt-PH-GFP),
and the cortical dynactin was dispersed throughout the
Z-sections (Figure 5A, LY, dynactin, Figure S6F, dynactin).
Furthermore, in metaphase cells that were pretreated with
PI(3)K inhibitors and exposed to a carrier histone, dynactin
was localized at the cortex throughout the Z-sections,
whereas it was accumulated in themidsections at the cor-
tex in the cells towhich PtdIns(3,4,5)P3was delivered (Fig-
ure 5C). The average widths of distribution of cortical
dynactin along the z-axis were 5.0 mm (SD = 0), 2.9 mm
(SD = 0.2), and 5.9 mm, (SD = 0.6) respectively, in the
cells exposed to a carrier histone, PtdIns(3,4,5)P3 and
PtdIns(4,5)P2 (Figure 5D). These results show that exoge-
nous PtdIns(3,4,5)P3, but not PtdIns(4,5)P2, induces the
accumulation of dynactin in the midsections at the cortex,
and thus demonstrate the requirement of PtdIns(3,4,5)P3
for the accumulation of dynactin in the midsections at
the cortex in metaphase cells. In the presence of the
PI(3)K inhibitor, exogenous PtdIns(3,4,5)P3 did not induce
the normal accumulation of PI(3)K lipid products or dynac-
tin (Figure 3B PtdIns(3,4,5)P3+LY; Figure 3E, PtdIns-
(3,4,5)P3+LY; Figure 5D, PtdIns(3,4,5)P3+LY), nor proper
spindle orientation (Figure 3A, PtdIns(3,4,5)P3+LY), sug-
gesting the requirement of endogenous PI(3)K activity
for these responses.
PI(3)K-Inhibition Causes Dynein-Dependent
Spindle Rotation along the Z-Axis
We next investigated whether PI(3)K regulates spindle ori-
entation through the motor activity of dynein-dynactin
complexes. To examine this, we observed the metaphase
chromosome dynamics in PI(3)K-inhibited cells by obtain-
ing the time-lapse images of the live HeLa cells expressing
histone 2B fused to green fluorescent protein (GFP-H2B).
To obtain metaphase cells, the synchronized prometa-
phase cells were arrested in metaphase by treatment
with MG132, a proteasome inhibitor (Kisselev and Gold-
berg, 2001). In control cells, chromosomes (GFP-H2B)
on the metaphase plate were hardly rotating along the
z-axis (Figure 6A, MG, and Movie S1). In contrast, in
PI(3)K-inhibited cells, metaphase chromosomes dis-
played active rotational motions along the z-axis (Fig-
ure 6A, MG+LY and MG+Wort; Movies S2 and S3). The
effect of the PI(3)K inhibitor was dose-dependent (Fig-Developmenure S10). The time-lapse images of the live HeLa cells ex-
pressing both CFP-histone 2B and YFP-a-tubulin showed
that spindle itself, but not chromosomes alone, was ac-
tively rotating along the z-axis in PI(3)K-inhibited cells
(Movie S5), but hardly rotating in untreated cells (Movie
S4). To quantify the metaphase chromosome rotations
along the z-axis, we obtained time-lapse images from
more than 40 metaphase cells in each condition. Each
time-lapse image was taken for 90min. Then, the chromo-
some area, which was represented by the GFP-H2B- pos-
itive area, relative to that in the control cell at time 45 min
(Figure 6A, MG, 0:45) was measured in each time point in
each condition. The relative chromosome area should be-
come larger when the metaphase chromosomes are tilted
along the z-axis. We judged that the chromosomes were
tilted along the z-axis when the relative chromosome
area exceeded 1.2. Figure S9 shows the relative chromo-
some area in each time point obtained from the time-lapse
images of Movies S1 and S2. We found that more than
60% of the metaphase chromosomes were rotating along
the z-axis in the PI(3)K-inhibited cells (Figure 6B, MG+LY
and MG+Wort), but less than 30% in control cells (Fig-
ure 6B, MG). Moreover, in the cells that displayed the
chromosome rotations, the number of rotation of the
metaphase chromosomes along the z-axis during 90
min-time-lapse imaging was apparently increased in the
PI(3)K-inhibited cells (Figure 6C, MG+LY and MG+Wort)
as compared with that in control cells (Figure 6C, MG).
To examine whether the rotational motions of chromo-
somes depend on dynein, we depleted dynein-heavy
chain (DHC)1 by RNAi in synchronized HeLa cells. We
tested two kinds of DHC1 siRNA oligonucleotides (Fig-
ure 6D). The localization of dynein intermediate chain at
the cortex and along spindle and astral microtubules
was observed in mock cells (Figure 6E, mock), but hardly
observed in the cells transfected with either of the two
DHC1 siRNAs (Figure 6E, DHC1 siRNA1 and data not
shown), confirming the depletion of DHC1 proteins in the
DHC1 siRNAs-tansfected cells. The chromosomes were
hardly rotating along the z-axis in untreated cells tran-
fected with either control siRNA or DHC1 siRNAs (Fig-
ure 6G, MG, control siRNA, DHC1 siRNA1, and DHC1
siRNA2; Movies S6 and S7). When treated with PI(3)K in-
hibitors, metaphase chromosomes displayed active rota-
tional motions in the control siRNA-transfected cells
(Figure 6F, MG+LY, control siRNA; MG+Wort, control
siRNA; Figure 6G,MG+LY, control siRNA;MG+Wort, con-
trol siRNA; Movies S8 and S9), but not in the cells trans-
fected with either of the two DHC1 siRNAs (Figure 6F,
MG+LY, DHC1 siRNA1, MG+Wort, DHC1 siRNA1; Fig-
ure 6G, MG+LY, DHC1 siRNA1 and siRNA2, MG+Wort,
DHC1 siRNA1 and siRNA2; Movies S10 and S11). The de-
fects in spindle assembly were detected in some popula-
tion of the DHC1 siRNAs-transfected cells (data not
shown). Thus, we selected metaphase cells by observing
the alignment of metaphase chromosomes on the meta-
phase plate during the time-lapse imaging. These results
taken together strongly suggest that PI(3)K regulates spin-
dle orientation through dynein-dynactinmotor complexes,tal Cell 13, 796–811, December 2007 ª2007 Elsevier Inc. 805
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PtdIns(3,4,5)P3 Controls Spindle OrientationFigure 6. PI(3)K-Inhibition Causes Dynein-Dependent Spindle Rotation along the Z-Axis
(A) Time-lapse images of GFP-H2B-expressingmetaphase cells treated or not with LY294002 (100 mM) or wortmannin (100 nM). Cells were arrested in
metaphase by MG132. The merged images of phase contrast and GFP-H2B (green) are shown.
(B) Quantitation of metaphase cells with chromosomes rotating along the z-axis. Values are mean ± SD from more than two different experiments.
N > 40/experiment. *p < 0.01 and **p < 0.05, as compared with the MG-treated cells. Significance was defined as p < 0.05.
(C) The number of rotation of metaphase chromosomes along the z-axis within 90 min in the cells that displayed chromosome rotations in (B).
(D) RT-PCR analysis for DHC1 and control G3PDH (left) andwestern blot analysis for DHC1 and control a-tubulin (right) in the cells transfectedwith the
indicated siRNAs.
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PtdIns(3,4,5)P3 Controls Spindle Orientationand that inhibition of PI(3)K induces dispersion of dynactin
throughout the cortex, which may cause the dynein-
dependent spindle rotation along the z-axis and thus
lead to spindle misorientation. In the absence of MG132,
the PI(3)K-inhibited cells exhibited a delay in mitotic pro-
gression (about 1–2 hr) but completed cell division prop-
erly in the end (data not shown). We observed that some
populations of the PI(3)K-inhibited cells underwent cell di-
vision along the tilted axis (data not shown). Thus, inhibi-
tion of PI(3)K results in misorientation of the spindle
without deteriorating the integrity of the mitotic spindle,
confirming our results obtained in the fixed cells (Figure 2).
Depletion of PTEN Causes Spindle Misorientation
and the Dispersion of Dynactin at the Cortex
in Metaphase Cells
We next investigated the effect of the excess amount of
PtdIns(3,4,5)P3 on the spindle orientation and the distribu-
tion of dynactin at the cortex. To this end, we depleted
PTEN protein by RNAi in synchronized HeLa cells. PTEN
is a lipid phosphatase that dephosphorylates D3 of
PtdIns(3,4,5)P3 (Maehama and Dixon, 1998). We tested
two kinds of PTEN siRNA oligonucleotides (Figure 7A)
and found that depletion of PTEN with either of the oligo-
nucleotides resulted in misorientation of the spindles
(Figure 7B). Moreover, loss of PTEN induced the disper-
sion of both Akt-PH-GFP and dynactin at the cortex along
the z-axis as compared with mock treated cells (Figures
7C and 7D). The average widths of distribution of cortical
dynactin along the z-axis were 2.7 mm (SD = 0.1) and 4.8
mm (SD = 0.4), respectively, in mock treated cells and in
the cells transfected with PTEN siRNA2 (Figure 7E). These
results indicate that the excess amount of PtdIns(3,4,5)P3,
as well as loss of PtdIns(3,4,5)P3, results in the dispersion
of cortical dynactin and misorientation of the spindles. To
examine whether PTEN plays a role in regulating the distri-
bution of PtdIns(3,4,5)P3 in metaphase cells, we observed
the distribution of Akt-PH-GFP in mock treated or PTEN
siRNA2-transfected metaphase cells, that were pre-
treated with PI(3)K inhibitors and exposed to PtdIns(3,4,5)-
P3-histone complexes in the absence of PI(3)K inhibitor.
The results showed that Akt-PH-GFP was localized at
the cortex throughout the Z-sections in PTEN siRNA2-
transfected cells, whereas it was accumulated in the mid-
sections at the cortex in mock treated cells (Figure 7F), in-
dicating that PTEN is required for the localized distribution
of PtdIns(3,4,5)P3 to the midsections at the cortex in
metaphase cells. These results also demonstrate that
PtdIns(3,4,5)P3 plays an essential role in proper spindle
orientation and in the accumulation of dynactin in the mid-
section at the cortex in metaphase cells.DISCUSSION
In this study, we have shown that PtdIns(3,4,5)P3 plays
a crucial role in the control of spindle orientation. We pre-
viously showed that b1 integrin-mediated cell-substrate
adhesion is necessary for the proper spindle orientation
parallel to the substratum in HeLa cells (Toyoshima and
Nishida, 2007). Our present results reveal that depletion
of b1 integrin reduces the PI(3)K activity during S to
M phase (Figure 1G) and inhibits the accumulation of
PtdIns(3,4,5)P3 in the midsection at the cortex in meta-
phase cells (Figures 1H and 1I). One of the roles of b1 in-
tegrin in the spindle orientation control should be to acti-
vate PI(3)K to produce PtdIns(3,4,5)P3 in M phase. It has
recently been shown that integrins are essential for the
proper spindle orientation in epidermal cells in mouse em-
bryos (Lechler and Fuchs, 2005). It could be possible that
PtdIns(3,4,5)P3 is involved in the control of spindle orien-
tation in the cells of epithelium. However, our results show
that PtdIns(3,4,5)P3 is not required for the planar spindle
orientation in polarized MDCK cells, which develop the
epithelial-like sheet of monolayer on a coverslip. More-
over, the spindle angles are generally smaller in polarized
MDCK cells than those in HeLa cells (Figure S5D and
Figure 2B). We speculate that adherens junctions should
play a major role in regulating the planar spindle orienta-
tion in polarized MDCK cells, as demonstrated previously
(Reinsch and Karsenti, 1994; Bienz, 2001; Lu et al., 2001),
in a PtdIns(3,4,5)P3-independent manner.
PtdIns(3,4,5)P3 is accumulated in the midsections at
the cortex (Figures 1E and 1F), although the active b1 in-
tegrin, which may activate PI(3)K, is localized to the basal
surface and at the bottom cortex in metaphase cells
(Figure S2B). Thus, a mechanism(s) should exist that tran-
duces the integrin signals from the base of the cells to the
midcortex to accumulate PtdIns(3,4,5)P3 in the midsec-
tion at the cortex. The endogenous PI(3)K activity is re-
quired for the localized PtdIns(3,4,5)P3 accumulation in
the midsection at the cortex induced by exogenously
added PtdIns(3,4,5)P3 (Figures 3B and 3E). We speculate
that a positive feedback loop, which requires endogenous
PI(3)K activity and is known to be important for establish-
ing PtdIns(3,4,5)P3 polarity during chemotaxis (Weiner
et al., 2002; Van Haastert and Devreotes, 2004; Niggli,
2005), is likely to be functioning at themidcortex to amplify
the initial PtdIns(3,4,5)P3 signal to establish and maintain
the PtdIns(3,4,5)P3 accumulation in the midsection at the
cortex during metaphase. Further studies are required
to answer the question of whether a component of the
positive feedback loop is localized and activated in
the midsection at the cortex. Our results also show(E) Images of dynein intermediate chain (green) and Hoechst (blue) in mock and DHC1-siRNA1-transfected metaphase cells.
(F) Time-lapse images of GFP-H2B-expressingmetaphase cells transfectedwith DHC1-siRNA1 or control siRNA and treatedwith LY294002 (100 mM)
or wortmannin (100 nM). Cells were arrested in metaphase by MG132. The merged images of phase contrast and GFP-H2B (green) are shown.
(G) Quantitation of metaphase cells with chromosomes rotating along the z-axis in cells transfected with the indicated siRNAs and treated or not with
LY294002 or wortmannin. Values are mean ± SD frommore than two different experiments. N > 15/experiment. *p < 0.05 and **p < 0.01. Significance
was defined as p < 0.05.
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PtdIns(3,4,5)P3 Controls Spindle OrientationFigure 7. Depletion of PTEN Causes Spindle Misorientation and the Dispersion of Dynactin at the Cortex in Metaphase Cells
(A) Western blot analysis for PTEN and control a-tubulin in the cells transfected or not (mock) with PTEN-siRNA1 or PTEN-siRNA2.
(B) Spindle orientation analyses in the cells transfected with the indicated siRNAs. Distribution (histogram; n = 50) and the average (inset; mean ± SD;
n = 50) of spindle angles. *P and **p < 0.001, as compared with mock, analyzed by F-test.
(C) Z stack images (1 mm apart) of Akt-PH-GFP in metaphase cells transfected or not (mock) with PTEN-siRNA2. The X-Z projections are shown in the
right.
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PtdIns(3,4,5)P3 Controls Spindle Orientationthat endogenous PTEN is required for the localized
PtdIns(3,4,5)P3 distribution in the midsection at the cortex
induced by exogenously added PtdIns(3,4,5)P3 (Fig-
ure 7F). Thus, both a positive feedback loop and the neg-
ative regulation of PtdIns(3,4,5)P3 by PTEN may be re-
quired for establishing the midcortical localization of
PtdIns(3,4,5)P3 in metaphase cells (Figure 7G, bottom).
We have found that the localized accumulation of
PtdIns(3,4,5)P3 to the midsection at the cortex is impor-
tant for regulating the localization of dynactin at the cortex.
We speculate that in metaphase, PtdIns(3,4,5)P3 recruits
dynactin to themidsections at the cortex, and then the dy-
nein-dynactin complexes-dependent pulling forces on as-
tral microtubules at the cortex are concentrated in the
midsections, resulting in the proper spindle orienta-
tion parallel to the substratum. When the amount of
PtdIns(3,4,5)P3 at the midsection is reduced, dynactin is
still localized at the cortex in an actin cytoskeleton-depen-
dent manner, but is dispersed along the z-axis because of
the absence of the anchor to the midsections at the cor-
tex. When the amount of PtdIns(3,4,5)P3 becomes too
large, PtdIns(3,4,5)P3 is dispersed throughout the cortex,
which should lead to the dispersion of dynactin at the
cortex. In both cases, the dynein-dynactin complexes-
dependent pulling forces on astral microtubules at the
cortex are dispersed along the z-axis, resulting in the mis-
orientation of the spindles (Figure 7G, upper). It should be
noted that the cortical signal for dynactin in PI(3)K-
inhibited cells is stronger than that in control cells (Fig-
ure 4B, Figure 5A, and Figure S6B), suggesting that there
might be a PI(3)K-dependent negative regulatory mecha-
nism for the cortical localization of dynactin in metaphase
cells. Thus, PI(3)K might regulate the cortical localization
of dynactin both positively and negatively.
The important future challenge is to identify a molecule(s)
that would link PtdIns(3,4,5)P3 with the dynein-dynactin
motor complexes in the control of spindle orientation.
EXPERIMENTAL PROCEDURES
Cell Preparation
HeLa cells and MDCK cells were cultured in DMEMwith 10% fetal bo-
vine serum. MCF-10A cells (ATCC No. CRL 10317) were cultured in
DMEM/F12 with 20 ng/ml EGF, 10 mg/ml insulin, 500 ng/ml hydrocor-
tisone, penicillin/streptomycin, and 5% horse serum. HeLa cells and
MCF-10A cells were synchronized by a double-thymidine block.
LY294002 (Cell Signaling), U0126 (Promega), PD98059 (Promega),
and Lat B (Calbiochem) were added into the medium 8 hr after the re-
lease from a double-thymidine block and incubated for 2 hr. Wortman-
nin (100 nM, Sigma) was added successively to the medium 8 hr andDevelopme9 hr after the release from a double-thymidine block and incubated
for additional 1 hr. In all experiments, HeLa cells and MCF-10A cells
were cultured on fibronectin- and collagen-coated coverslips, respec-
tively. MDCK cells were plated on noncoated glass coverslips and cul-
tured for more than 90 hr to allow to be polarized.
Spindle Orientation Analysis
The spindle angle was measured as described previously (Toyoshima
and Nishida, 2007). Briefly, Z stack images (0.5 mm apart) of meta-
phase cells stained with anti-g-tubulin, anti-a-tubulin antibodies, and
Hoechst, were obtained and the linear distance and the vertical dis-
tance between the two poles of a metaphase spindle was measured.
Then, the spindle angle was calculated by inverse trigonometric func-
tion.
Lipid Delivery
The phosphoinositides-histone complexes were delivered to the cells
as reported previously (Ozaki et al., 2000; Weiner et al., 2002). The
phosphoinositides-histone complexes were prepared by incubating
300 mM long chain (Di-C16) phosphoinositides (Echelon, 10 ml) with
100 mM histone (Echelon, 10 ml), vortexed vigorously, and incubated
for 5 min at room temperature. The complexes were diluted with cul-
ture medium (80 ml), added to the cells, and incubated for 10 min in
a temperature-controlled CO2 incubator.
Immunoblots
Cells were extracted with the lysis buffer (20 mM HEPES [pH 7.3], 25
mM 2-glycerophosphate, 50 mM NaCl, 1.5 mM MgCl2, 2 mM EGTA,
0.5% Triton X-100, 2 mM DTT, 1 mM PMSF, 1mM sodium vanadate,
and 2 mg/ml aprotinin). The cell extracts were centrifuged at 20,000 g
for 15 min and the supernatants were western blotted with anti-Akt
(Cell Signaling), anti-phospho-Ser473-Akt (Cell Signaling), anti-b1 in-
tegrin (Chemicon, MAB2000), anti-PTEN (Cell Signaling), anti-DHC1
(Santa Cruz), or anti-a-tubulin (Sigma) antibodies.
Plasmid Construct, Transfections, and Stable Cell Lines
The PH domain of Akt (amino acids 1–167) was amplified with pfuDNA
polymerase (Stratagene) using full-length human Akt as a template
with the following primer pairs: 50-GGAAGATCTATGAGCGACGTGG
CTATTGTG-30 and 50- GGAAGATCTCACCAGGATCACCTTGCCG-30.
The amplified products were digested with BglII and subcloned into
the pEGFP-N3 plasmid (Clontech). Mutations were created with the
QuickChange Site-Directed Mutagenesis Kit (Stratagene) and were
confirmed by didoxy sequencing. HeLa cells were incubated with thy-
midine for 18 hr. Eight hours after the release from the first thymidine
block, cells were transfected with the plasmids by using Lipofect-
AMINE PLUS (Invitrogen) and incubated for 1hr, washedwith freshme-
dium, and incubatedwith thymidine for 15 hr. Cells were analyzed 10 hr
after the release from the second thymidine block. MDCK cells stably
expressing Akt-PH-GFP were made by transfection with pEGFP-
N3-Akt-PH-GFP and incubated in the medium containing 750 mg/ml
geneticin (GIBCO) for 3 weeks. Clones were isolated and analyzed
by immunofluorescence and western blot.(D) Z stack images (1 mm apart) of p150glued (green) and Hoechst (blue) in metaphase cells transfected or not (mock) with PTEN-siRNA2. The X-Z
projections are shown in the right.
(E) Quantitation of the widths of distribution of cortical dynactin along the z-axis in metaphase cells transfected or not (mock) with PTEN-siRNA2.
Values are mean ± SD from two different experiments. N = 50/experiment. *p < 0.05, as compared with mock, analyzed by t test. Significance
was defined as a p < 0.05.
(F) Z stack confocal images (2 mm apart) of Akt-PH-GFP in metaphase cells transfected or not (mock) with PTEN-siRNA2, pretreated with LY294002,
and exposed to PtdIns(3,4,5)P3-histone.
(G) A model for the PtdIns(3,4,5)P3-dependent spindle orientation control.ntal Cell 13, 796–811, December 2007 ª2007 Elsevier Inc. 809
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PtdIns(3,4,5)P3 Controls Spindle OrientationCell Staining and Image Analysis
The fixation methods are as follows: a-tubulin and g-tubulin, fixed with
3.7% formaldehyde at 37C for 5 min, followed by incubation with
methanol at 20C for 20 min; BubR1, fixed with 4% paraformalde-
hyde at room temperature for 7 min and permeabilized with 0.2% Tri-
ton X-100 in PBS for 5 min; dynactin and dynein, cells were pre-
extracted in 0.5% Triton X-100 in PHEM buffer (60 mM PIPES,
25 mM HEPES, 10 mM EGTA, and 4 mM MgSO4) with 5 mM taxol for
1 min, and fixed in methanol at 20C for 5 min; b1 integrin, fixed with
3.7% formaldehyde at 37C for 10 min and permeabilized with 0.2%
Triton X-100 in PBS for 5 min; active b1 integrin, cells were pre-
incubated with 10 mg/ml anti-active integrin antibodies (Serotec,
MCA2028) in culture medium for 30 min, and permeabilized with
0.2% Triton-X100 in PBS for 5 min. Cells were blocked with 3% BSA
for 1 hr, incubated with primary antibodies (mouse anti-a-tubulin, rab-
bit anti-g-tubulin, and mouse anti-dynein intermediate chain [70.1]
antibodies were from Sigma; mouse anti-BubR1 and mouse anti-b1
integrin [MAB2000] antibodies were from Chemicon; mouse anti-
p150Glued antibody was from Transduction Laboratories) at 4C over-
night, washed, and incubated for 1 hr with secondary antibodies (Alex-
aFluor 488- or 594-goat anti-mouse or anti-rabbit IgG antibodies from
Molecular Probes). For phalloidin staining, cells were washed with
PBS, fixed with 3.7% formaldehyde at 37C for 10 min and permeabi-
lized with 0.5% Triton X-100 in PBS for 10 min, and incubated with
Alexa Fluor 546-phalloidin (Invitrogen) for 1 hr. For membrane staining,
cells were fixed with 3.7% formaldehyde for 5 min and incubated with
DHCC (2.5 mg/ml, Sigma) for 30 s. For detection of Akt-PH-GFP, cells
were fixed in methanol at 20C for 5 min. Images were acquired by
using a DeltaVision optical sectioning systems with softWoRx soft-
ware. Deconvolved images and X-Z projections were obtained by
using softWoRx. Confocal images were acquired by using a confocal
laser scanning microscope (Radiance2100, Bio-Rad).
Time-Lapse Images and Spindle Rotation Analysis
Time-lapse images were acquired by using DeltaVision optical sec-
tioning systems with a temperature-controlled and motorized stage.
During acquisition, cells were cultured in the medium with 20 mM
HEPES (pH 7.3) in glass-bottom chambers. Cells were synchronized
by a double-thymidine block, washed and incubated with fresh me-
dium for 9 hr, pretreated with LY294002 (100 mM) or wortmannin
(100 nM) for 1.5 hr, treated with MG132 for 30 min to be arrested in
metaphase, and then subjected to the time-lapse imaging. Time-lapse
images were taken every 5 min for 1.5 hr, and 3 sections (7 mm apart)
were acquired at every time point. For spindle rotation analysis, the ac-
quired images of GFP-H2B at each time point were binarized to white
and black by using Adobe Photoshop (Adobe Systems). The white
area represents the chromosome, and white pixels were measured
as relative chromosome area.
siRNA
The siRNAs for human PTEN were designed as described previously
(Mise-Omata et al., 2005; Edwin et al., 2006). The siRNAs for human
DHC1 were purchased from Dharmacon (DHC1 siRNA1, D-006828-
01; DHC1 siRNA2, D-006828-04). HeLa cells were transfected with
the annealed siRNAs by using Oligofectamine (Invitrogen), incubated
for 4 hr, washed with fresh medium, and synchronized by a double-
thymidine block. Cells were analyzed 55 hr after transfection. The ex-
pression levels of PTEN and DHC1 were analyzed by western blot or
RT-PCR. For the RT-PCR analysis, total RNAs were isolated using
RNeasy mini (QIAGEN), and reverse-transcribed with random primers,
followed by amplification with the primers designed specific for DHC1
(50-TCGAAATGGGACTCCTTCAC-30 and 50-GCGCCTGTCTTATTTT
GTCC-30) and G3PDH (50-CATCCACTGGTGCTGCCAAGGCTGT-30
and 50-ACAACCTGGTCCTCAGTGTAGCCCA-30).
Supplemental Data
Supplemental Data include ten figures and eleven movies and are
available at http://www.developmentalcell.com/cgi/content/full/13/6/
796/DC1/.810 Developmental Cell 13, 796–811, December 2007 ª2007 ElACKNOWLEDGMENTS
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